Introduction surface expression of coexpressed ␣ subunits. These effects presumably involve assisting the proper folding Voltage-gated K ϩ channels are a diverse group of of nascent ␣ subunit polypeptides mediated through the plasma membrane proteins that are fundamental in decotranslational interaction of Kv␤2 with the ␣ subunit termining the electric properties of excitable cells (Hille, N-terminal cytoplasmic domain. These effects underlie 1992). Over a dozen genes encoding the pore-forming the functional importance of K ϩ channel ␤ subunits in ␣ subunits have been isolated from mammalian sources vivo and allow increased understanding of the molecular (Chandy and Gutman, 1995) ; these polypeptides associmechanisms regulating K ϩ channels expression. ate in homo-and heterotetrameric complexes that display distinct properties in both heterologous expression systems (Ruppersberg et al., 1990; Christie et al., 1990) Results and in mammalian central neurons in situ (Sheng et al., 1993; Wang et al., 1993; Scott et al., 1994a) . Although
In Vivo Association of Kv1.2 and Kv␤2 in Rat Brain differential assembly of ␣ subunits provides a molecular basis for generating functional diversity among K ϩ chan-K ϩ channel ␤ subunits were first purified from bovine brain as components of DTX-binding complexes, which nels, there are clearly contributions from other mechanisms (Jan and Jan, 1990) .
have also been shown to contain the Kv1.2 ␣ subunit (Scott et al., 1990 (Scott et al., , 1994b . To confirm that Kv␤2 and Auxiliary subunits in tight association with the ␣ subunits of Na ϩ and Ca 2ϩ channels have been commonly Kv1.2 associate in rat brain K ϩ channel complexes, we used Kv␤2-and Kv1.2-specific antibodies in immunofound in neurons and other excitable tissues (Isom et al., 1994) . Coexpression of these auxiliary subunits can precipitation reactions and for immunohistochemistry. Reciprocal immunoprecipitation showed that Kv1.2 can have profound effects on ␣ subunits, including effects on expression level, gating, and conductance (Isom et be detected in K ϩ channel complexes isolated by immunoprecipitation with the Kv␤2-specific antibodies, and al., 1994) . Recently, cDNAs encoding ␤ subunits of K ϩ channels were cloned using sequence obtained from a vice versa, indicating that K ϩ channel complexes containing both Kv1.2 and Kv␤2 exist in rat brain (Figure polypeptide that copurified with ␣-dendrotoxin (DTX) 1A). In contrast, antibodies raised against the Kv2.1 ␣ predicted stoichiometry of 1:1 (G. S. and J. S. T., unpubsubunit (Trimmer, 1991) could not precipitate either lished data), in agreement with previous estimates obKv1.2 or Kv␤2. Likewise, Kv2.1 could be found neither in tained from analysis of K ϩ channel complexes purified anti-Kv1.2 nor anti-Kv␤2 immunoprecipitation products from bovine brain (Parcej et al., 1992) . [ 35 S]Methionine ( Figure 1A ). These observations were further substantipulse-chase labeling of cells coexpressing Kv1.2 and ated by the extensive colocalization of Kv1.2 with Kv␤2
Kv␤2, followed by immunoprecipitation with the subin situ. As shown in Figures 1B and 1C , double-label type-specific antibodies, was used to determine the dyimmunofluorescence staining of sections taken from namic aspects of Kv1.2 and Kv␤2 association. Copreadult rat cerebellum shows that Kv␤2 and Kv1.2 are cipitation of both Kv1.2 and Kv␤2 with either anti-Kv1.2 colocalized in basket cell terminal plexuses and in the or anti-␤ antibodies is detected at the earliest timepoint plasma membrane at juxtaparanodal regions of axons.
(5 min pulse, 0 min chase; Figure 2A ) when Kv1.2 is in the However, immunohistochemical staining of Kv2.1 from endoplasmic reticulum (ER), showing that ␣/␤ subunit adult rat brain slices showed a very different pattern interaction occurs early in biosynthesis and suggesting compared with that of Kv␤2 and Kv1.2 (Trimmer, 1991;  that the subcellular site of subunit interaction is at the Rhodes et al., 1995) . We have also obtained evidence cytoplasmic face of the ER. The ER is the initial point for similar association and colocalization of Kv␤2 with of the secretory pathway in which membrane proteins the Kv1.1 and Kv1.6 K ϩ channel ␣ subunits (K. J. R. et al., unpublished data), which have also been identified as components in DTX-sensitive complexes in bovine brain (Scott et al., 1994a) . To investigate the role of Kv␤2 tion products from reactions performed with anti-Kv␤2-, anti-Kv1.2-, and anti-Kv2.1-specific antibodies from detergent extracts of RBM were size fractionated by 9% SDS-PAGE. Samples were transferred
Early Biosynthetic Association of Kv1.2 and Kv␤2
to nitrocellulose, and the same blot was probed with anti-Kv1.2C
Kv1.2 and Kv␤2 transiently coexpressed in COS1 cells antibody (left), then stripped and reprobed with mouse monoclonal interact specifically (Nakahira et al., submitted) with the anti-Kv␤2 antibody (K17/70, middle), or anti-Kv2.1 antibody (right), followed by incubation in the appropriate HRP-conjugated secondary antibody and ECL/autoradiography. Arrows denote mobility of ␣ or ␤ subunits and rabbit IgG heavy chain; note "anti-Kv␤2" panel was probed with a mouse monoclonal antibody and thus no rabbit IgG bands are apparent. Numbers to left denote mobility of prestained molecular weight standards. (B and C) Double-label immunofluorescence labeling of Kv1.2 (green) and Kv␤2 (red) in rat cerebellar cortex. Neuronal processes containing Kv1.2 appear green, those containing Kv␤2 appear red. Processes containing both subunits appear yellow. (B) Kv1.2 and Kv␤2 are colocalized in cerebellar basket cell terminals (arrowheads) that envelop the initial segment of the Purkinje cell axon. Purkinje cells are immunoreactive for Kv␤2, but not Kv1.2, and thus appear red. (C) Kv␤2 and Kv1.2 are also colocalized at Nodes of Ranvier, where both subunits are concentrated in the axolemma (arrowheads) immediately adjacent to the node. present in complexes with Kv␤2. These two populations can be selectively isolated by sequential immunoprecipitation with subtype-specific antibodies. Cell lysates immunoprecipitated with anti-␤ antibody allowed us to isolate selectively the fraction of Kv1.2 associated with Kv␤2. Free Kv1.2 in the lysates from which the Kv␤2-associated fraction had been depleted can be subsequently isolated by immunoprecipitation reactions with the anti-Kv1.2 antibody. Sequential immunoprecipitation products of [ 35 S]methionine pulse-chased (chase periods up to 8 hr) COS1 cell lysates were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)/ phosphorimaging. This analysis revealed a dramatic difference in the degradation rates of the free Kv1.2 pool and the Kv1.2 associated with Kv␤2. The free Kv1.2 pool exhibits a relatively high turnover rate t1⁄ 2 of 3 Ϯ 1 hr (mean Ϯ SD, n ϭ 2), while the Kv␤2-associated fraction, which comprises ‫%05ف‬ of the total Kv1.2 pool, is quite stable, with a calculated turnover rate t 1⁄2 of 15 Ϯ 3 hr (mean Ϯ SD, n ϭ 2; Figure 2B ).
It is also clear from these data that although ␣/␤ subunit interaction is rapid, it is also virtually permanent. No apparent exchange of radiolabeled subunits for nonradiolabeled subunits is apparent in this experiment using a 60 min chase ( Figure 2A) ; this holds for chase periods up to 24 hr (data not shown). This implies that ␣/␤ subunit interaction is quite stable, as the amount of radiolabeled subunits synthesized during the brief pulse is small compared with the amount of nonradiolabeled subunits synthesized both in the 24 hr before the pulse and the chase period after the pulse. Kv␤2. As expected, after PNGase F digestion, the 66 kDa The total cellular Kv1.2 pool in cells coexpressing Kv1.2 form shifted to 63 kDa, presumably due to the removal of and Kv␤2 is composed of two fractions: Kv1.2 not associated with Kv␤2, termed here "free Kv1.2," and Kv1.2 the single N-linked oligosaccharide chain yielding the at long chase periods and independent of Kv␤2 coexpression. Many other glycoproteins also retain their high mannose (endo H-sensitive) chains in their mature forms; however, the lack of acquisition of endo H resistance does not allow us to study the effect of Kv␤2 on later (post-ER) biosynthetic events. The observed increase in the efficiency of N-linked glycosylation predicts a cotranslational interaction between Kv1.2 and Kv␤2 in a region N-terminal to the glycosylation site at Asn-207, in agreement with the fast kinetics of ␣/␤ subunit interaction observed in the pulse-chase experiment shown in Figure 2A . Note that in agreement with the data presented above, the Kv1.2 polypeptide pool in cells coexpressing Kv␤2 is notably more stable than in cells expressing Kv1.2 alone ( Figure 3A ).
Kv␤2 Coexpression Increases the Cell
Surface Expression of Kv1.2 COS1 cells expressing Kv1.2 alone exhibit strong perinuclear immunofluorescence staining while very little, if any, staining is associated with the plasma membrane ( Figure 4A ). Kv1.2 staining colocalizes with staining for the resident ER protein grp78/BiP (Pelham, 1989) , indicating that expressed Kv1.2 is contained within the ER (data not shown). Most cells (94.9% Ϯ 3.7%; mean Ϯ SD, n ϭ 3 experiments of 100 Kv1.2-positive cells counted per experiment) that express Kv1.2 alone are thus negative when stained without prior permeabilization with an antibody ("Kv1.2E") raised to an external domain of Kv1.2 ( Figure 4C ). In contrast, when cotransfected with Kv␤2 (at a Kv1.2:Kv␤2 ratio of 1:4), the majority of Kv1.2-expressing cells (58.1% Ϯ 2.0%, mean Ϯ SD, n ϭ 3 experiments of 100 Kv1.2-positive cells counted per experiment; Figure 4C ) now exhibit cell surface Kv1.2E staining, with the remainder of the cells expressing Kv1.2 trapped in the ER ( Figure 4B ). Kv1.2 surface expression increases in a dose-dependent manner with the amount of cotransfected Kv␤2 cDNA (Figure ER-localized pattern identical to that of Kv1.2. Presumably this difference in immunoreactivity results from the association of Kv␤2 with the ER-localized Kv1.2 ␣ subunglycosylated form, and indicating that the 66 kDa form unit pool. This indicates that the lack of Kv1.2 surface of Kv1.2 is N-glycosylated ( Figure 3B ). The 63 kDa form expression in some cotransfected cells is not due simply present in cells expressing Kv1.2 alone is resistant to to a lack of ␣/␤ subunit interaction, but perhaps reflects PNGase, indicating that this form lacks the N-glycosylaa requirement for the full 1:1 ␣/␤ subunit stoichiometry, tion present on the 66 kDa species. The 63 kDa, presumor the absence of some other factors necessary for ably unglycosylated, Kv1.2 fraction comprises approxiefficient surface expression that are limiting in some mately 50% of the total Kv1. (Scott et al., 1990 (Scott et al., , 1994b ]DTX binding of both Kv1.1 (4.3 Ϯ 1.4 fold, n ϭ 2) and Kv1.6 (3.3 cells expressing Kv1.2 alone, or in cells coexpressing Kv1.2 and Kv␤2. Saturable, high affinity binding is ob-Ϯ 0.3 fold, n ϭ 2), to an extent similar to that seen for Kv1.2 (4.4 Ϯ 1.6 fold, n ϭ 2) in the same experiment. served to a single set of noninteracting sites on both singly transfected and cotransfected cells ( Figure 5A ). (Scatchard, 1949) of the saturation binding data reveals very similar K d values of ‫1ف‬ nM ( Figure 5B) . coexpression would affect the levels of Kv1.2 surface expression. As shown in Figure 5C ( Figure 5B) . Thus, coexpression of Kv␤2 increases the 2). The fact that Kv␤2 coexpression yielded a larger increase in the same experiment (10.7 Ϯ 4.6 fold) may be due to factors such as transient transfection efficiency, expression levels and other technical factors, and thus may not be a true indication of quantitative differences in effects of these ␤ subunits on surface expression. It should be noted that while the increase in [
125 I]DTX binding in cells coexpressing ␣ and ␤ subunit polypeptides is highly reproducible, the extent of the increase in Bmax is somewhat variable (compare two panels in Figure 5C ), perhaps due to differences in transient cotransfection efficiency or variable expression of other cellular factors affecting surface expression of Kv1.2. Kv␤1 coexpression also leads to a change in the immunofluorescence staining pattern of Kv1.2-expressing cells similar to that seen with Kv␤2 (data not shown), from that typical of an ER-localized protein (see Figure 4A ) to a pattern consistent with increased surface expression (see Figure  4B ). These data together indicate that the observed effects on surface expression are not limited to the Kv1.2 and Kv␤2, but also occur upon other ␣/␤ subunit interactions.
Discussion
Here, we show that the cytoplasmic Kv␤2 ␤ subunit interacts with the integral membrane Kvl.2 ␣ subunit early (i.e., cotranslationally) in biosynthesis and that this interaction has dramatic effects on the biochemical properties of the resultant K ϩ channel complexes. The importance of protein oligomerization during protein biosynthesis has been well established: misassembled and unassembled polypeptide are generally retained in the ER and specifically degraded (Hurtley and Helenius, 1989) . Studies on a number of multisubunit ion channel proteins, such as the nicotinic acetylcholine receptor, have identified a requirement for the full complement of integral membrane subunits for efficient expression (Green and Millar, 1995) . Here, we have identified a novel requirement for a cytoplasmic component, namely the newly identified ␤ subunits, for efficient expression of K ϩ channel complexes. The association of Kv␤2 with Kv1.2 during biosynthesis and its subsequent effects on Kv1.2 expression may reflect a fundamental role for ␤ subunits during biosynthesis, in addition to the previously recognized function of some ␤ subunits in modulating inactivation. The cytoplasmic K ϩ channel Kv␤2 ␤ subunit associates with N-terminal domain of the partially synthesized Kv1.2 ␣ subunit. This cotranslational association affects the efficiency of cotranslational oligosaccharide chain addition at Asn-207, presumably due to effects on Kv1.2 folding either before or during translocation of the S1 and S2 transmembrane segments.
The effect of Kv␤2 on the N-glycosylation of Kv1.2 kinetics of ER to Golgi transit for this K ϩ channel ␣ subunit. However, reported half-times for exit of memdefines a cotranslational interaction between these two channel subunits. The addition of oligosaccharide brane proteins from the ER vary from 15 min to 3 hr (Pelham, 1989) , and the Kv1.4 ␣ subunit expressed in chains to Asn residues occurs while the nascent polypeptide chain is still attached to the ribosome complex, COS1 cells is converted to an endo H-resistant form with a t1⁄ 2 of ‫3ف‬ hr (G. S. and J. S. T., unpublished data). presumably as the consensus sequence is translocated across the ER membrane into the lumen (Abeijon and Thus, it is unlikely that ␣/␤ subunit interaction (t1⁄ 2 ϭ 5 min) is the rate-limiting step in the exit of K ϩ channel Hirschberg, 1992). Kv1.2 contains a single consensus site for N-linked glycosylation at Asn-207, located becomplexes from the ER. The mechanism whereby coexpression of Kv␤2 promotes the exit of Kv1.2 from the tween the first and second transmembrane segments ( Figure 6 ). The fact that the expression of the cyto-ER is not known, but may involve effects on early folding events that are prerequisites for as yet undefined later, plasmic Kv␤2 ␤ subunit affects this event shows that Kv␤2 must already be bound as this glycosylation site rate-limiting step. The finding of the important role of the cytoplasmic is translocated into the ER lumen (Figure 6 ), implying that the interaction of Kv␤2 with Kv1.2 occurs via the ␤ subunits in promoting the surface expression and stability of the Kv1.2 ␣ subunit is similar in many respects cytoplasmic N-terminus of the ␣ subunit (Figure 6 ). Consistent with these conclusions are the rapid kinetics to the role of ER-luminal molecular chaperones, such as calnexin, involved in the promotion of membrane of ␣/␤ subunit association observed in [ 35 S]methionine pulse-chase labeling experiments (Figure 2) , and recent protein maturation (Bergeron et al., 1994) . This functional analogy presumably extends to the involvement data from Li and his colleagues demonstrating that ␣/␤ subunit interaction is mediated by the "T" or "NAB" of Kv␤2 in assisting the proper folding of partially synthesized ␣ subunits that is necessary for efficient N-linked region located at the N-terminus of all Kv1 ␣ subunit polypeptides (Yu et al., 1996) . Similarly, rapid kinetics of glycosylation. While cytosolic chaperones have been reported to be involved in the import of other cyto-␣/␣ subunit association during K ϩ channel biosynthesis has also been reported (Deal et al., 1994) , presumably plasmic proteins into the mitochondria (Stuart et al., 1994) , Kv␤2 is a novel example of a cytoplasmic protein mediated by this same cytoplasmic N-terminal domain (Li et al., 1992; Shen et al., 1993; Xu et al., 1995) . Howthat exhibits chaperone-like effects on an integral membrane protein. Like other molecular chaperones (Hartl et ever, the extent to which the association domains of the integral membrane ␣ subunits and the cytoplasmic ␤ al., 1994), Kv␤2 may interact with exposed hydrophobic motifs of the elongating nascent ␣ subunits, preventing subunits overlap within this relatively large (100 amino acid) region remains to be determined. The spatial and premature aggregation and/or assisting the translocation of the nascent polypeptide chain. Future studies temporal relationships between ␣/␣ and ␣/␤ subunit interaction may be critical in regulating the rapid assembly may allow us to delineate the precise mechanism that underlies the observed effects of the cytoplasmic Kv␤2 of K ϩ channel complexes. The rapid kinetics of K ϩ channel ␣/␤ subunit interacon the early events of K ϩ channel ␣ subunit biosynthesis. It should be noted that K ϩ channel ␤ subunits, unlike tion is distinct from that of voltage-sensitive Na ϩ channels. Na ϩ channel ␣/␤2 subunit association occurs much true molecular chaperones, remain associated with the channel complex as permanent structural components, later in biosynthesis (t 1⁄2 ϭ 1.2 hr) and appears to be the rate limiting step for their subsequent exit from the ER in some cases altering the functional properties of the channel itself (Rettig et al., 1994) . (Schmidt and Catterall, 1986) . As the single N-linked oligosaccharide chain of Kv1.2 remains in its high manThese findings suggest an important and general role for Kv␤2 in promoting efficient K ϩ channel biosynthesis, nose (endo H-sensitive) form throughout its biosynthesis in COS1 cells, we were unable to determine the explaining the previously observed abundance of this subunits, may be the key to the precise role of Kv␤2.
and Kv␤2 cDNAs were isolated by library screening and PCR amplifiKv␤2 can be "safely" used to promote ␣ subunit exprescation, respectively, as described (Nakahira et al., submitted).
sion and stability without dramatically altering the biocDNAs were cloned into the mammalian expression vector pRBG4 physical properties of the ␣ subunit polypeptides. Kv␤1
for expression in COS1 cells as described in detail (Nakahira et al.,
isoforms, on the other hand, due to their dramatic effects submitted).
on channel function, are only selectively substituted for
Generation of Subunit-Specific Antibodies
Kv␤2 in special situations when more transient currents , 1995) . Standard hybridoma methodology (Trimmer et al., 1985) date, it remains an interesting question to determine if oocytes coexpressing K ϩ channel Shaker ␣ subunits Matos, and J. S. T., unpublished data). The rabbit polyclonal anti- (Chouinard et al., 1995) . This finding is consistent with bodies "anti-␤," reacting with the C-terminal region of ␤ subunits; genetic analysis of Hyperkinetic (␤ subunit) mutants, Kv1.2C, reacting with amino acids 463-480 of Kv1.2 and "KC," rewhich exhibit seizure activity epistatic to that caused acting with amino acids 837-853 of Kv2.1 were produced and affinity-purified essentially as previously described (Trimmer, 1991;  by Shaker (␣ subunit) mutations (Stern and Ganetzky, Rhodes et al., 1995) .
1989), due to a decrease in neuronal K ϩ channel expression. The data presented here on the effects of ␤ subunit Immunohistochemistry coexpression on mammalian Shaker-related ␣ subunits light on these fundamental elements of the control of Expression and Analysis of K ؉ Channel ␣ and ␤ neuronal excitability.
Subunit Polypeptides
Procedures for COS1 cell culture, DNA transfection, immunoblot Experimental Procedures analysis, and immunoprecipitation reactions were performed essentially as described by Shi et al. (1994) and Rhodes et al. (1995 S) was from Labeling was performed essentially as described . DuPont-New England Nuclear (Boston, MA). HRP-conjugated secCells grown on 60 mm dishes were preincubated in methionine-free ondary antibodies, Texas red-conjugated secondary antibodies, DMEM ("starved") for 15 min at 37ЊC, followed by incubation in and FITC-conjugated secondary antibodies were purchased from methionine-free DMEM containing 300 Ci/ml of [ 35 S]methionine at Cappel (West Chester, PA). Pansorbin was from Calbiochem (La 37ЊC for desired times. Cells were washed twice in PBS and incuJolla, CA). Prestained molecular weight standards and nonenzybated in serum-containing DMEM supplemented with an additional matic cell dissociation solution were from Sigma (St. Louis, MO Hurst, R.S., Busch, A.E., Kavanaugh, M.P., Osborne, P.B., North,
